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Abstract
The use of renewable energy sources has experienced great development so as to
meet energy demand. With the intention of increasing the utilization of the renew-
able energy sources near the demand side and compensate the fluctuation of the
output power, the use of micro-cogeneration systems with solar (PV) and wind
energy overcomes both technical and economic barriers. Micro-cogeneration-based
hybrid PV/wind energy system can get stable power output. This new energy model
also improves the power quality and significantly reduces the impact of power
instability on the power network. In this study, the grid-connected hybrid PV/wind
energy-based micro-cogeneration system is modeled and analyzed in detail. In
order to test the performance analysis of the system, seven different scenarios are
analyzed during the case studies. The analysis results show that the new energy
model presents effective solutions to electrical power balance because of its prop-
erties such as safety, incombustible structure, and being eco-friendly. It is aimed at
providing a broad perspective on the status of optimum design and analysis for the
micro-cogeneration-based hybrid PV/wind energy system to the researchers and
the application engineers dealing with these issues.
Keywords: eco-friendly energy, micro-cogeneration, wind turbine, photovoltaic,
distributed generation, hybrid system
1. Introduction
Due to the increased industrialization, the electricity demand of loads is
increasing. As the concerns about environmental pollution increases, the policies for
environmental protection have started to become strict. To cope with increasing
load demand without violating the environment protection law, the demand for
distributed generation (DG) system has increased. Unlike the conventional central-
ized generation systems, distributed generation does not require long-distance
transmission, which emits fewer pollutants. In DG systems the generator, less than
30 MW, is located near to the user side. DG provides the network operator a flexible
operation. However, the integration of the DG sources into the grid is a challenging
task. It requires domination of the subject of the relationship between distributed
sources, feeders, and loads. The examples of the distributed generation sources are
as follows: fuel cell, wind turbine, photovoltaic (PV), micro gas turbine, and low-
power internal combustion turbine.
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Wind turbines and PV panels are DG systems that are the most preferred. But in
the recent period, micro gas turbines are often preferred for new applications due to
its advantages over other sources such as small size, lightweight, and stable operation
capability [1]. Different micro-cogeneration structures were observed when the lit-
erature is examined in detail. A novel PI control tuning technique is proposed to
refrigerate the hydrogen generation part within the polymer electrolyte membrane
fuel cell used in the micro-cogeneration system [2]. A dynamic simulation model of
an Ericsson engine is presented for micro-cogeneration systems [3]. Another study in
the literature, design, and effectiveness of a highly efficient micro-cogeneration sys-
tem with a 20 kW prototype fueled by LNG or LPG is presented [4]. A survey and a
comparison of basic national testing methods of micro-cogeneration are presented
[5]. A sizing optimization procedure is proposed to increase the efficiency of a tubular
linear induction generator for free-piston Stirling micro-cogeneration systems [6]. It
is presented that the efficiency of micro-cogeneration system including single cylin-
der diesel engine with an experimental study [7]. Micro-cogeneration in low-energy
buildings is proposed by using a load-sharing method. Simulations of two distinct
areas in Italy are investigated for thermo-economic efficiency [8]. A micro-
cogeneration Stirling unit is investigated for various conditions of the working fluid
by experiment and simulation [9]. Efficiency and emission properties of a liquid fuel-
fired vugular burner for micro-cogeneration of thermoelectric power are proposed by
an experimental study [10]. An extensive literature survey of micro-cogeneration for
facilities up to 100 kW consisting of working fluid imaging strategy, elements,
expander choice, and detailed properties of industrial and experimental implementa-
tion is proposed [11]. Also, a combination of micro-cogeneration and electric vehicle
charging systems is analyzed for two distinct areas in Italy with a parametric investi-
gation in simulations [12].
The efficiency of micro-cogeneration systems is investigated with control tech-
niques of Li-ion storage battery by simulations [13]. A high temperature PEM fuel
cell based residential micro-cogeneration system is proposed and the detailed
mathematical model of whole system is presented [14]. Investigation of the hybrid
photovoltaic module-fuel cell combined with microgeneration implementations is
presented. Efficiency forecast of the combined system is investigated for discrete
climates in Ankara, Turkey [15]. Another fuel cell study, rural micro-cogeneration
facility including a high-temperature proton-exchange membrane fuel cell with fuel
partialization and power/heat shifting techniques, is presented [16]. A micro-
cogeneration system with a solar parabolic collector and direct steam generation is
investigated with a prototype [17].
The design model of a new solar micro-cogeneration system with Stirling
machine is investigated in terms of efficiency and fuel pass analysis on TRNSYS
simulation program for rural areas in Africa [18]. It is proposed that an auto-
thermal membrane reformer is combined with a polymer electrolyte membrane fuel
cell-based micro-cogeneration system on a prototype [19]. Modeling on TRNSYS
simulation and validation by an experimental study of a micro-cogeneration system
including an internal combustion engine is presented with over-temperature pro-
tection controls [20]. Thermal-economic optimization with generalized pattern
search optimization method of a micro-cogeneration system consisting of a para-
bolic solar collector and Stirling engine is proposed in another micro-cogeneration
structure [21].
Systems that use micro gas turbines are also known as micro-cogeneration sys-
tems. Micro-cogeneration systems are highly efficient and environment-friendly
compared to other conventional energy sources shown in Figure 1, because they
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produce second energy by using exhaust gases. Exhaust gases from the gas turbine
are used in a waste heat boiler to obtain high-efficiency heat energy. Therefore, the
waste heat is converted to usable energy in the micro-cogeneration system. Micro-
cogeneration systems with gas engine also supply economical and eco-friendly
concentrated heat and power. Eco-friendly micro-cogeneration power plants with
combined heat and power enable economical and energy-efficient power
production.
Cogeneration systems are 33% more efficient than coal that generates the same
amount of heat and energy [22]. This paper analyzes the electrical modeling and
performance investigation of a micro-cogeneration system in a microgrid to support
renewables. This system comprises 30 kVA micro-cogeneration system, 10 kVA
wind power station, 10 kVA photovoltaic power station, and local electrical loads.
The system is designed by using real-time data. Firstly, PV and wind power station
are modeled and simulated with the help of the system parameters. Then, a micro-
cogeneration system suitable to the hybrid system has been designed by calculating
the optimum efficiency.
Due to the limitations of the present studies in literature, the aim of this paper is:
• To demonstrate the mathematical model of the micro-cogeneration-based
hybrid PV/wind energy system in detail.
• To test the performance analysis of the system, seven different scenarios are
analyzed during the case studies firstly.
• To compare the case studies and investigate the performance.
• To get optimum performance for the implementation of the micro-
cogeneration-based hybrid PV/wind energy system.
This paper primarily focuses on the aforesaid four aspects of the proposed
system.
Figure 1.
Energy saving in micro-cogeneration power plant.
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2. Mathematical modeling and control of the proposed system
The proposed system consists of two parts: PV and wind system. These systems
are examined in detail. The block diagram of the proposed system is shown in
Figure 2. The control mechanism of Figure 2 is explained in detail in the following
section. The system consists of PV and wind power station, micro-cogeneration
system, and the electrical grid. This integrated system feeds the dynamic
electrical loads.
2.1 Mathematical modeling and control of micro-cogeneration system
Temperature control, speed control, fuel control, turbine dynamics, and accel-
eration control block are included in the micro-cogeneration system. The speed
control provides to correct the speed error between the reference speed and the
rotor speed of the permanent magnet generator system. It is the main control tool
for microturbine under partial load conditions. Speed control modeling is done by
using a lead-lag transfer function or by a PID controller [23]. Speed control for the
micro-cogeneration system is shown in Figure 3.
Figure 2.
The block diagram of the proposed system.
Figure 3.
Speed control for the micro-cogeneration system.
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W is the controller gain, X and Y are the governor lead and lag time constant,
and Z is a constant representing the governor mode (droop or isochronous). X, Y,
and Z can be adjusted so that the governor can act with droop or as an isochronous
governor. Acceleration control allows limiting the rate of the rotor acceleration
prior to reaching operating speed during turbine start-up. The fuel system consists
of the fuel valve and actuator. The fuel system control is provided by the actuator
and of the valve positioner shown in Figure 4.
Vce is the fuel flow control and the valve positioner transfer function is
E1 ¼
a
bs þ cð Þ
(1)
and the fuel system actuator transfer function is
E2 ¼
1
TFs þ 1ð Þ
(2)
In Eq. (1) and (2), a is the valve positioner (fuel system actuator) gain, b and
TF are the valve positioner and fuel system actuator time constants, c is a
constant, E1 is the input and output of the valve positioner, and E2 is the fuel
demand signal in pu.
Temperature control allows limiting the gas turbine output power at a
predetermined firing temperature, independent of variation in ambient tempera-
ture or fuel characteristics. The fuel burned in the burner causes the movement
of the turbine (torque) and the exhaust gas temperature. The exhaust temperature
is measured using a series of thermocouples incorporating radiation shields
as shown in Figure 5 [24].
0.8 and 0.2 values are constants associated with the radiation shield, and 3.3
value is the time constant associated with a temperature controller. TT is the
temperature controller integration rate, and 15 and 2.5 values are time constants
associated with the radiation shield and thermocouple, respectively.
Permanent magnet generators are superior alternatives to conventional
induction motors that can be combined with turbines. The main advantages of
PMSG are considerably significant: higher operational reliability, higher
Figure 4.
Fuel system control for the micro-cogeneration system.
Figure 5.
Temperature controller.
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efficiency, and very small energy loss. The microturbine generates electrical energy
through a high-speed permanent magnet generator driven directly by the turbo
compressor shaft. Totally, 30 kVA electricity is produced by the proposed
micro-cogeneration system. The model adopted for the generator is a 2-pole per-
manent magnet machine generator with a non-salient rotor. At 50 hertz
(3000 rpm), the machine output power is 30 kW, and its terminal line-to-line
voltage is 380 V.
dw (in pu) is angular velocity, m is speed signal, and Pm is specified as shaft
mechanical torque value shown in Figure 6.
The electrical and mechanical equations of permanent magnet machine
expressed in rotor reference frame dq are as follows [25]:
Electrical equations:
d
dt
id ¼
1
Ld
vd 
R
Ld
id þ
Lq
Ld
pwriq (3)
d
dt
iq ¼
1
Lq
vq 
R
Lq
iq 
Ld
Lq
pwrid 
λpwr
Lq
(4)
Te ¼ 1:5p λiq þ Ld  Lq
 
idiq
 
(5)
Mechanical equations:
d
dt
wr ¼
1
J
Te  Fwr  TMð Þ (6)
dθ
dt
¼ wr (7)
2.2 Mathematical modeling and control of PV system
PV power plant is modeled by using five parallel strings and six series-connected
modules per string in order to obtain 10 kWP solar PV power. Solar PV module data
is indicated in Table 1.
One basic solar cell equivalent circuit model in common use is the single-diode
model, which is derived from physical principles. The equivalent circuit of a solar
PV cell can be represented with a current source which is connected parallel with a
diode as shown in Figure 7 [26].
This equivalent circuit is formulated using Kirchhoff ’s current law for current:
I ¼ Ig  Id  Ish (8)
Figure 6.
Permanent magnet generator model implemented in SimPowerSystems.
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where Ig represents the light-generated current in the cell, Id represents the
voltage-dependent current lost to recombination, and Ish represents the current loss
due to shunt resistances. The substitution of the related expressions for the diode
current Id and the shunt branch current Ish is given in Eq. (4):
I ¼ Ig  I0 exp
V þ IRsr
nkTc=q
 
 1
 

V þ IRsr
Rsh
 
(9)
where n is the diode ideality, I0 is the saturation current, k is Boltzmann’s
constant (1:381 1023 J=K), and q is the elementary charge (1:602 1019C). A
group of single cells can be connected either series or parallel combination. By
connecting solar cells, PV module can be created. Similarly, by connecting PV
modules, a PV array can be created. Power calculation of a solar PV cell is obtained
by the equation:
Ppv tð Þ ¼ VxI (10)
where Ppv tð Þ is solar PV cell DC power, V is solar cell or PV array voltage, and I is
current flowing from solar PV cell.
If the generated power on the PV module does not match the load power, there
will be an efficiency loss. To overcome this problem, a PV panel must operate at its
maximum power point. The variations in solar radiation and temperature affect the
maximum power point. In order to prevent losses due to operating point, a maxi-
mum power point tracker should be used in PV power systems. For the proposed
system Perturb and Observe (P&O) algorithm is used to track the maximum power
point. The purpose of the algorithm is to find VMPP and IMPP points that PV
system delivers the maximum point. The algorithm is based on a periodic increase
and decrease in PV voltage. After an increase/decrease, the system checks the
output power. According to the tendency of the output power, the tracker decides if
the next voltage perturbation will be in the same way or the opposite way [27]. The
flowchart of the P&O algorithm is shown in Figure 8.
Figure 7.
Equivalent circuit of solar PV cell.
Maximum power (W) 414.801 Cells per module (Ncell) 128
Open circuit voltage Voc (V) 85.3 Short-circuit current Isc (A) 6.09
The voltage at maximum power point Vmp
(V)
72.9 Current at maximum power point Imp
(A)
5.69
Table 1.
PV module parameters.
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2.3 Mathematical modeling and control of wind energy conversion system
The proposed wind turbine consists of a rotor mounted to a nacelle and a tower
with two or more blades mechanically connected to a wind turbine electric genera-
tor. Wind passes over the blades of the wind turbine. Wind power extracted from
wind is expressed in Eq. (6) [29]:
Pm ¼
1
2
:Cp: λ:βð Þ:ρ:A:v3 (11)
where Cp λβð Þ is the power coefficient, λ is named as tip speed, β (degree) is the
pitch angle of the rotor blades, A is swept area (pir2), ρ is air density (1:25 kgm2),
and v is named wind speed (m=sn).
The rotating blades turn a shaft that goes into a gearbox in nacelle. The blades of
the wind turbine create kinetic energy given Eq. (7):
E ¼ 0:5 mv2 (12)
where m is the air mass and v is the wind speed. Air power is obtained by the
time derivative of kinetic energy. Air power is given in the following equation:
Pw ¼
d 0; 5:m:v2ð Þ
dt
(13)
wherem is the mass flow rate per second and air power is obtained from Eq. (9):
Pw ¼ 0, 5:m:ρ:A:v2 (14)
Figure 8.
The flowchart of the P&O algorithm [28].
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Blade power resulted by wind effect is given by Eq. (10):
Pblade ¼ Cp λ:βð Þ:0, 5:m:ρ:A:v3 (15)
Tip speed and rotor torque theoretical parameters are given in Eqs. (11) and (12):
λ ¼
wm:R
v
(16)
Twr ¼
Pblade
wm
¼
Cp: λ:βð Þ:ρ:A:v3
2:wm
(17)
where Twr is the rotor torque and wm is the angular velocity of the rotor.
The gearbox in the mechanical assembly named as drive train mechanism pro-
vides to transform slower rotational speeds of the wind turbine to higher rotational
speeds on the wind turbine electric generator. The rotation of the electric genera-
tor’s shaft generates wind turbine power.
The power coefficient of the wind turbine, therefore, the generated power can
be controlled by changing the pitch angle (β). Figure 9 shows that as the wind
Figure 9.
Power characteristics of the wind turbine.
Figure 10.
Block diagram of pitch angle PI controller [31].
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speed increases, the amount of power generated by the turbine also increases.
According to Eq. (11), further increase in wind speed will result in a further increase
in turbine power. But this will also bring a random surge of power. In order to
prevent this condition, a control system must keep the power at a constant level. PI
controller is used for this purpose in the proposed system [30].
Figure 10 shows the block diagram of the pitch angle PI controller. The pitch
angle controller checks the speed and compares it with a reference speed. If the
speed is greater than the reference speed, the controller changes the pitch angle in
order to approach the rated speed [31].
3. Performance analysis of proposed system and controllers
In this section, the performance evaluation of the proposed system and control-
lers will be evaluated. The proposed system is modeled using MATLAB/SIMULINK.
To test the performance of the system, seven different simulation scenarios are
created. In the simulation study, parameters such as wind speed, solar radiation,
temperature, and electrical load demand are changed and the resulting graphs of
active power, voltage, and currents for each element were taken. The summary of
the scenarios can be seen in Table 2.
3.1 Case 1
In this case, the parameters such as wind speed, solar radiation, temperature,
electrical load demand and the fuel flow of the micro gas turbine are assumed
steady during simulation time. The active power flow in the proposed system can be
seen in Figure 11.
3.2 Case 2
In this case, only solar radiation and temperature on the PV module are variable.
This variation affects the output power of the PV station, hence, the grid power.
The resulting active power can be seen in Figure 12. RMS voltages and currents of
the grid and the PV station can be seen from Figures 13 and 14, respectively;
Figure 15 shows solar radiation and temperature during simulation of this case.
In this scenario, it is observed that the variations in solar radiation and
temperature make the output power of the PV plant variable. Hence, the balance
in case 1 is no longer observable. The missing power is supplied by the electrical
grid.
Cases PV system WECS Load Micro-cogeneration system
Case 1 Steady Steady Steady Steady
Case 2 Variable Steady Steady Steady
Case 3 Variable Variable Steady Steady
Case 4 Variable Steady Variable Steady
Case 5 Steady Variable Variable Steady
Case 6 Steady Steady Variable Steady
Case 7 Variable Variable Variable Steady
Table 2.
The summary of the scenarios.
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3.3 Case 3
In this case wind speed, solar radiation, and temperature are variable. This
variation affects the output power of the wind farm and PV station and the power
fed to the electrical grid. The resulting active power graph can be seen in Figure 16.
RMS voltages and currents of the electrical grid, PV station, and wind farm can be
Figure 11.
The graph of active power of the elements in proposed system for case 1 (wind speed 10 m/s, solar
irradiance 1000 W/m2, temperature 25°C).
Figure 12.
The graph of active power of the elements in proposed system for case 2 (wind speed is 10 m/s).
Figure 13.
RMS voltage and RMS current of electrical grid for case 2.
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seen from Figures 17–19. The graph of wind speed, solar radiation, and temperature
can be seen from Figures 20 and 21.
In this scenario in addition to case 2, the wind speed was also variable. The
missing power is supplied by the electrical grid. Variations in wind speed caused
better observability of variations in grid power.
3.4 Case 4
In this case, electrical load demand, solar radiation, and temperature are vari-
able. This variation affects the output power PV station and the power fed to/from
Figure 14.
RMS voltage and RMS current of PV station for case 2.
Figure 15.
Graph of solar radiation and temperature for case 2.
Figure 16.
The graph of active power of the elements in proposed system for case 3 (wind speed is 10 m/s).
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Figure 17.
RMS voltage and RMS current of electrical grid for case 3.
Figure 18.
RMS voltage and RMS current of PV station for case 3.
Figure 19.
RMS voltage and RMS current of wind farm fort case 3.
Figure 20.
Graph of solar radiation and temperature for case 3.
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the electrical grid. The resulting active power graph can be seen in Figure 22. RMS
voltages and currents of the electrical grid, PV station, and electrical load can be
seen from Figures 23–25. The graph of solar radiation and temperature can be seen
in Figure 26.
In this scenario in addition to solar radiation and temperature, load demand was
also variable. It is observed that when load demand decreases, the excessive power
is supplied to the electrical grid.
3.5 Case 5
In this case, the electrical load demand and wind speed are variable. This varia-
tion affects the output power wind farm and the power fed to the electrical grid.
The resulting active power graph can be seen in Figure 27. RMS voltages and
Figure 21.
Graph of wind speed for case 3.
Figure 22.
The graph of active power of the elements in proposed system for case 4.
Figure 23.
RMS voltage and RMS current of electrical grid for case 4.
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currents of the electrical grid, wind farm, and electrical load can be seen from
Figures 28–30. The graph of wind speed can be seen in Figure 31.
In this scenario, the wind power generation and the load demand were variable.
It is observed that when the wind power generation is decreased and the load
demand is increased, the excessive load demand is supplied from the electrical grid.
Figure 24.
RMS voltage and RMS current of PV station for case 4.
Figure 25.
RMS voltage and RMS current of electrical load for case 4.
Figure 26.
Graph of solar radiation and temperature for case 4 (wind speed 10 m/s).
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3.6 Case 6
In this case, electrical load demand is variable. This variation affects the power
fed to the electrical grid. The resulting active power graph can be seen in Figure 32.
RMS voltages and currents of the electrical grid and electrical load can be seen from
Figures 33 and 34.
Figure 27.
The graph of active power of the elements in proposed system for case 5.
Figure 28.
RMS voltage and RMS current of electrical grid for case 5.
Figure 29.
RMS voltage and RMS current of wind farm for case 5.
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In this scenario, the only variable parameter was load demand, and both the
supply of loads from the electrical grid and the transfer of excess power to the
electrical grid have been observed. It is seen that the variations in load demand
caused the same amount but reversed variation in the grid power.
3.7 Case 7
In this case, the electrical load demand, wind speed, solar radiation, and tem-
perature are variable. This variation affects the output power of a wind farm, PV
station, and the power fed to the electrical grid. The resulting active power graphs
can be seen in Figure 35. RMS voltages and currents of all the elements can be seen
Figure 30.
RMS voltage and RMS current of electrical load for case 5.
Figure 31.
Graph of wind speed for case 5.
Figure 32.
The graph of active power of the elements in proposed system for case 6.
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from Figures 36–39. The graph of wind speed, solar radiation, and temperature can
be seen from Figures 40 and 41.
In this scenario wind speed, load demand, solar radiation, and temperature were
variable. It is observed that despite the output power variations of the PV plant and
WECS because of these variations, the system did not go to an unstable state.
Figure 33.
RMS voltage and RMS current of electrical grid for case 6.
Figure 34.
RMS voltage and RMS current of electrical load for case 6.
Figure 35.
The graph of active power of the elements in proposed system for case 7.
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Table 3 summarizes the power generation/consumption of the elements of the
proposed system during simulations of the specified scenarios. Minus sign means
power consumption; plus sign means power generation. From the simulation
results, it is seen that the missing power due to the variations in wind speed and
solar radiation is supplied from the electrical grid to the loads. It is observed that the
proposed system that comprises a micro-cogeneration system is able to work stably
despite all the fluctuations in the output powers of other sources such as WECS and
PV plant and load demand.
Figure 36.
RMS voltage and RMS current of electrical grid for case 7.
Figure 37.
RMS voltage and RMS current of PV station for case 7.
Figure 38.
RMS voltage and RMS current of wind farm for case 7.
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Figure 40.
Graph of solar radiation and temperature for case 7.
Figure 39.
RMS voltage and RMS current of electrical load for case 7.
Figure 41.
Graph of wind speed for case 7.
Cases PV system WECS Load Micro-cogeneration system Grid
Case 1 10 kW 10 kW 50 kW 30 kW —
Case 2 [1,10] kW 10 kW 50 kW 30 kW [9,0] kW
Case 3 [1,10] kW [0,10] kW 50 kW 30 kW [19,0] kW
Case 4 [1,10] kW 10 kW [50,-5] kW 30 kW [40,0] kW
Case 5 10 kW [0,10] kW [70,-45] kW 30 kW [0,35] kW
Case 6 10 kW 10 kW [70,-20] kW 30 kW [30,20] kW
Case 7 [1,10] kW [0,10] kW [70,-20] kW 30 kW [20,35] kW
Table 3.
Power generation and consumption values of the elements of the proposed system.
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4. Conclusion
Renewable sources such as wind and solar have variable and intermittent char-
acteristic by nature. For this reason, in microgrids supplied by these sources, there
is a need for a compensating factor in order to ensure the stable operation of the
microgrid for off-grid microgrids or the minimum energy demand from the elec-
trical grid for on-grid microgrids. The expanding apprehension about climate
change and energy subjection is driving specific policies to promote more efficient
energy sources such as micro-cogeneration in many regions, particularly in the
production of electricity. This paper proposes the use of micro-cogeneration system
in a microgrid to support renewables in the microgrid.
The main contribution of this paper is that not only renewable energy sources
such as solar and wind but also the micro-cogeneration system are used to supply
electric energy. This study is carried out to analyze the operation of the micro gas
turbine with solar and wind power generation systems. Firstly, a mathematical
model of the micro gas turbine system, PV system, and WECS are given. After that,
the control of the mentioned systems is explained. Lastly, the performance analysis
of the proposed system is given via simulation results in seven different cases. The
results show that the system is able to preserve the stable operation, while the
parameters such as wind speed, solar radiation, temperature, and electrical load
demand are changing.
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